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The wing of Drosophila is composed of a proximal element, the hinge, which attaches it to the thorax, and a distal one,
the wing blade. The development of the wing is a complex process that requires the integration of cellular responses to
two signaling systems centered along the anteroposterior and the dorsoventral axes. The genes Notch (N) and wingless
(wg) play an important role in generating the information from the dorsoventral axis. The vestigial (vg) gene is necessary
for the development of the wing and is a target of these signaling systems during the growth of the wing. Here we examine
the roles that N, wg, and vg play during the initial stages of wing development. Our results reveal that vg is involved in
the speci®cation of the wing primordium under the combined control of Notch and wingless signaling. Furthermore, we
show that once cells are assigned to the wing fate, their development relies on a sequence of regulatory loops that involve
N, wg, and vg. During this process, cells that are exposed to the activity of both wg and vg will become wing blade and
those that are continuously under the in¯uence of wg alone will develop as hinge. Our results also indicate that the growth
of the cells in the wing blade results from a synergistic effect of the three genes N, wg, and vg on the cells that have been
speci®ed as wing blade. q 1998 Academic Press
INTRODUCTION ¯ies mutant for certain alleles of wingless (wg) or deprived
of wg function during the early stages of adult development:
a loss of both proximal and distal wing structures associatedThe wings and legs of fruit¯ies develop from small groups
with a duplication of the body wall commonly referred toof about 20 cells each, the imaginal discs, which are set
as ``wing to notum transformation'' (Sharma and Chopra,aside from among epidermal cells during embryogenesis,
1977; Couso et al., 1993). These phenotypes are also pro-grow during larval life, and differentiate during metamor-
duced by mutations in Notch (N) (Couso and Martinez Ar-phosis (Cohen, 1993). While each leg has its own imaginal
ias, 1994). These two classes of mutants highlight two im-disc, the wing proper arises as a patterned outgrowth of the
portant steps in wing development: speci®cation of a wingwing disc (Couso et al., 1993; Williams et al., 1993; Ng et
primordium and its subdivision into blade and hinge. Theal., 1996) and is composed of two regions: a small proximal
wing blade grows throughout the third larval instar andone that comprises the hinge which attaches the wing to
then becomes patterned along the anteroposterior axes withthe thorax, and a distal one: the two large surfaces that
veins and at its margin with bristles. The establishment ofmake up the wing blade (Ferris, 1950).
the wing primordium, its growth, and its patterning areThere is a large number of mutants in which the wing
three processes that can be separated in time (Couso et al.,blade does not develop (Lindsley and Zimm, 1992). These
1993, 1994, 1995; Williams et al., 1993).mutants, e.g., vestigial (vg) and apterous (ap), harbor a
Various experiments have shown that the activities ofstump or rudimentary wing which, upon closer inspection,
three genes, wg, vg, and N, are essential for the developmentis made up largely of pattern elements from the proximal
region or hinge. A more extreme phenotype is observed in and patterning of the wing. However, their precise roles are
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FIG. 1. Pattern of expression of wg alone (A±D) or with reference to that of sd (E) and vg (F±H) in the wing disc during wing
development. The expression of wg was detected by anti-b-galactosidase antibody (yellow region in E) and X-Gal staining (blue in
A±D and F±H) of a P-LacZ insertion in wg (Kassis et al., 1992; Couso et al., 1993). The expression of sd is revealed by sdGAL4
activating a UAS GFP gene and is identical to that of vg which is revealed with anti-vg antibody (Williams et al., 1993). During the
second larval instar wg is expressed in a wedge-like domain in the ventral±anterior region of the disc (A and yellow region in E),
which lies within the domain of expression of vg and sd (see E). Toward the end of the second instar, the expression of wg is increased
at the center of its expression domain and, around the beginning of the third instar, it expands along the anterior and posterior
direction (B). By mid-third instar, the expression of wg occupies most of the ventral area of the disc and is also expressed, although
fainter, in the dorsal cells (C). The expression of wg at the margin starts at this time (C), indicating that the expansion of wg occurs
symmetrically in the dorsal and ventral half of the disc. The expression of wg in the margin and in the distal hinge region (bracketed
by arrowheads in D) becomes detectable in the mid-third instar. Whereas wg expression is included in the domain of vg expression
during the expansion period (wg expression is blue and vg expression brown in E and F), the hinge expression lies outside the domain
of vg expression (G and H). At late third instar two ring-like expression domains in the hinge region are detectable whereby the
outer, more proximal-located expression domain is consistently weaker than the distal domain. Fate maps indicate that the perimeter
of the inner ring outlines the wing blade and that of the outer ring, the hinge region. At that time the expression of vg is restricted
to the wing blade (D and H). The discs, with the exception of G, are oriented with ventral to the bottom and anterior to the left.
a matter of debate. In one view there is a strict hierarchical Neumann and Cohen, 1996). The ®rst function depends on
the control of wg expression by the AP patterning systemrelationship between these three genes with wg having two
functions: a primary one in the assignation of cells to the and is mediated by an unknown nuclear effector. In the
second function, wg is under the control of Notch signaling``wing fate'' and a secondary one, later, as an organizer for
the growth and patterning activities ascribed to the DV and has vg as its downstream effector. This model is derived
from the analysis of the effects of ectopic expression of theboundary (Diaz-Benjumea and Cohen, 1995; Ng et al., 1996;
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FIG. 2. Effects of ectopic activation of wingless signaling (A±D), Notch signaling (E, F, and I), or both (G, H, and J) on wing development
as revealed by expression of wg (A, D, F, G, I, and J), nub (C), or vg (B, E, and H) in the third larval instar. Ectopic expression was achieved,
as indicated, with either dppGAL4 (K) or sdGAL4 (L). All wing discs are shown with ventral to the bottom and dorsal to the top, anterior
to the right and posterior to the left. In the cases in which wg was over- or ectopically expressed, the endogenous expression of wg in the
experimental discs was monitored with a lacZ insertion at wg to distinguish it from the ectopic expression of wg. (A) Result of the ectopic
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different signaling molecules and on the use of the expres- of the wing primordium as a population of cells which is
subdivided into a proximal group of cells, or hinge, and asion of the nubbin (nub) gene as a marker for the develop-
ment of the wing blade in different mutant backgrounds. distal group, or blade, which will undergo extensive growth.
Our results question simple hierarchical views of wing de-However, nub is expressed both in the wing blade and in
the wing hinge as well as in the legs, which raises the ques- velopment and reveal a temporal sequence of interdepen-
dent regulatory events between N, wg, and vg that, verytion about its use as a bona ®de marker for wing blade
development. In addition, the effects of overexpression of early in development, de®ne and stabilize a cell population
as wing blade and allow it to grow. In addition our resultssignaling molecules in wild-type situations should be inter-
preted cautiously. show that wg also plays a very important role in the proxi-
modistal, or hinge±blade, subdivision of the wing: wg aloneA different view suggests that the initiation of wing devel-
opment, as distinct from its growth, requires an integration is required for the development of the hinge and together
with vg is required for the blade.of wingless and Notch signaling by vg (Couso et al., 1995;
JoÈ nsson and Knust, 1996; Williams et al., 1994). This analy-
sis is also based on the effects of ectopic gene expression
but takes into account epistases, which allow one to place MATERIALS AND METHODS
different genes up- or downstream of each other. In addition,
this view focuses on the initiation of wing development and Drosophila Stocks
does not discuss the causes and effectors of the subsequent
The following mutations were used in this work: apUG035 (Cohengrowth of the wing.
et al., 1992), vg83b27R (Williams et al., 1991), vg83b27 (Williams et al.,Here we address the roles that wg, vg, and N play in the
1994), SerRX106 (Speicher et al., 1994), Ser94C (Couso et al., 1995),
initial steps of wing development. Our studies make use of Su(H)AR9 and Su(H)SF8 (Schweisguth and Posakony, 1992), and wgCX4
a combination of gain and loss of function in these genes and wgCX3 (Baker, 1987). The wgCX3/wgCX4 is a strong hypomorphic
to establish requirements and hierarchies for the different combination that causes a wing to notum transformation in 92%
processes. Rather than trying to explain how the wing is of the ¯ies. Since wgCX4 is a null allele, this indicates that wgCX3
rather than a null for a speci®c function of wingless represents amade and patterned, we have focused on the establishment
expression of UASwg with dppGAL4 at 257C revealed by wg expression (wglacZ). Notice the extension of the outer ring which outlines
the hinge. (B) Expression of vg in a disc as in (A), i.e., dppGAL4  UASwg. There is no expression of vg outside its normal domain.
However, notice that the expression of vg is upregulated within this domain along a stripe in the AP axis which coincides with the ectopic
expression of wg expression (arrowhead). (C) Expression of nub in a disc as in (A), i.e., dppGAL4  UASwg. In contrast to vg, nub is
expressed outside its expression domain and follows the expression of wg. Since in the wild type, nub is expressed both in the hinge and
in the blade but vg only in the blade, we conclude that the extension of wing tissue achieved by the ectopic expression of wg corresponds
to the hinge region. (D) Result of the ectopic expression of UASwg with dppGAL4 at 297C revealed by wg expression (wglacZ). In this
experiment, UAS wg sometimes elicits an additional wing blade (see also Ng et al., 1996). However, both blades are clearly separated by
an extension of the outer ring of wg expression which demarcates the hinge region. (E and F) Result of the activation of Notch signaling
by expression of UASDl with dppGAL4. The wing blade overproliferates and this is associated with an elevation of the expression of vg
(E) and ectopic activation of wg (F) perpendicular to the endogenous margin expression, but always within the limits of the wing blade.
In this experiment, we never observe ectopic activation of wg or vg outside the realm of the normal wing. (G and H). Results of the
coactivation of wingless and Notch signaling, the latter through a combination of UASwg and UASDl, with dppGAL4. The combination
of wingless and Notch signaling always leads to an extension of the wing blade into the notum as revealed by wg (G) and vg (H) expression.
Notice that in this case wing blade tissue in the dorsal and ventral regions of the disc is not separated by hinge, as in (D), and that the
hinge region completely outlines the extension of the wing (black arrowheads in G). The extra wing blade is extended far into the notum
dorsally and into the peripodial membrane ventrally (this is indicated by the white arrowheads, which highlight the extent of wg expression
and ectopic blade on the underside of the disc in a different focal plane). It is interesting that, although the coexpression is restricted to
the domain of expression of dppGAL4 (re¯ected in the ectopic expression of wg along the AP axis), the effects extend anterior and, more
signi®cantly since dppGAL4 is not expressed there, posteriorly: in the most dorsal regions of the disc there is a large amount of extra
wing tissue between the stripe of wg expression and the outline of the hinge as indicated in G by the gap between the ectopic wing margin
and the new boundary of the hinge (black arrows). (I) The activation of Notch signaling by coexpression of UASSer and UASN with
sdGAL4 produces a large blade, but no extension of this tissue outside the normal domain, re¯ected in the ectopic expression of wg (I)
and vg (not shown). Since the expression of wg within the wing blade demarcates the wing margin, the spread of this pattern of wg
expression to all cells of the enlarged wing blade suggests that they have adopted characteristics of wing margin. (J) Coexpression of
UASSer and UASN with UASwg under the control of sdGAL4 results in a compact wing disc without trace of notum, as revealed by
expression of wg (J, and compare with I). We believe that, in this case, the whole of the wing disc has been shunted into the wing
development pathway and that all cells are wing blade. Notice that activation of Notch signaling by coexpression of UASSer and UASN
mimicks UASDl and UASNintra (unpublished results). (K) Pattern of expression of dppGAL4 in a third-instar disc as revealed by UASGFP.
(L) Pattern of expression of sdGAL4, in a third-instar disc as revealed by UASGFP.
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FIG. 3. Effects of the loss of vg (A±D), wg (E and F), and ap (G) function on the expression of nub (A and B), wg (C and D), and vg second
intron enhancer (E±H). (A and B) Expression of nub in a vg83b27R mutant wing disc. These mutants do not develop a wing but harbor
remnants of a hinge (A). A small number of mutant ¯ies have lost all wing structures and show a duplication of the notum and thus we
observe a constant fraction of discs with no expression of nub (B). (C and D) Expression of wg in vg83b27R mutant discs. As is the case with
nub, there are cases with no wing and a duplication of the notum (arrowheads in C) and with a small and defective hinge (D). (E) Expression
of the vg second-intron enhancer in wgCX3/wgCX4 mutant discs. Notice that there is symmetric expression (arrowheads) corresponding to
the duplicated notum. (F) Expression of the vg second-intron enhancer in a second-instar wgCX3/wgCX4 mutant disc. The expression is lost
in the central region of the disc (arrowhead), where it would overlap with the expression of wg. (G) Expression of the vg second-intron
enhancer in a second-instar apUG035 mutant wing disc. These mutants lack the Notch ligand Serrate. Notice that there is a gap (arrowhead)
in a position similar to that shown in (F). (H) Expression of the vg second-intron enhancer in a second-instar wild-type disc. Notice how
it is continuous (arrowhead) and compare with F and G.
severe hypomorphy for this function. In most ¯ies the amount Ectopic expression of the different genes was achieved through
the GAL4/UAS system of Brand and Perrimon (1993). The UASvgof function provided is not suf®cient for the initiation of wing
development, but in some it is. Once this function is achieved, the construct was kindly provided by Sean Carroll (Kim et al., 1996),
UASN by M. Baylies, UASDl by L. Seugnet and M. Haenlin, andrest of the functions during wing development can be performed
normally (see below). It is likely that the defect of the wgCX3 allele UASwg by K. Gieseler and J. Pradel. The UASSer (Speicher et al.,
1994), UASGFP (Yeh et al., 1995), and UASN UASSer chromosomesidenti®es the cis-acting element that responds to the AP signaling
system during the initial stages of wingless expression. (Klein et al., 1997) have been described before.
The expression of the different UAS constructs was driven byExpression of vg at the DV boundary was detected using the vg
DV boundary enhancer described in Williams et al. (1993). For the various GAL4 inserts. patched GAL4 (ptcGAL4) expresses UASX
in a stripe along the AP boundary of the discs (Speicher et al., 1994).expression of wg in the developing discs, sometimes we used a lacZ
insertion in the wg gene on a CyO chromosome (Kassis et al., 1992) decapentaplegic GAL4 (dppGAL4) (Wilder and Perrimon, 1995) ex-
presses in a similar pattern on the developing disc. scalloped GAL4and in other times we used anti-wingless antibodies.
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8829 / 6x38$$$$62 02-16-98 13:06:43 dbas
201Speci®cation of Drosophila Wing Pattern Elements
(sdGAL4) expresses in a pattern that is identical to that of vestigial the third instar, wg comes to be stably expressed in two
and allows the expression of the construct throughout the devel- concentric rings and a stripe that bisects the inner circle
oping wing (Klein et al., 1997). An important property of the last (arrows and arrowheads in Figs. 1C and 1D). The inner ring
is that since sd expression, like that of vg, is under the control of is very intense and frames the domain of expression of vg
the genetic systems that drive wing development, genes under the and sd; the outer ring is faint and delimits the domain of
control of this GAL4 insert will be expressed throughout the devel-
expression of the gene nub (not shown). The stripe pre®g-oping wing.
ures the wing margin. Existing fate maps (see e.g. Cohen,Stocks carrying various GAL4 and UAS combinations in wild
1993) allow us to assign each of these regions to a domaintype and mutants were generated. All stocks were balanced over
in the ®nal wing. Thus, in the third instar the wing regionthe SM6a±TM6b compound balancer, which allowed the identi®-
cation of larvae of the correct genotype because of the dominant of the wing disc is de®ned by an inner circle of cells that
larval marker Tb (Lindsley and Zimm, 1992). Details of the stocks express nub, vg, and sd, which fate maps the wing blade,
as well as the stocks themselves are available upon request. In the and a peripheral ring which expresses nub, but not vg or sd,
case of ap mutation, stocks were established with a CyO balancer and which fate maps most of the hinge region. In this work,
carrying a P-lacZ insertion in wg, and the mutant discs were we shall use the term ``wing'' to refer to the combination
checked for the absence of the wg expression pattern. In some of wing blade and wing hinge and ``wing primordium'' to
experiments involving ap mutants, mutant discs were identi®ed
refer to the population of cells that gives rise to both struc-by the aberrant morphology of the wing disc.
tures. We also use the pattern of wg expression in the thirdClones of wg overexpression were produced as in Diaz-Benjumea
instar, in particular the rings and the margin, as a reliableand Cohen (1995), who provided the ¯ies for the experiment. Flies
indicator of the structures present in mutant and experi-bearing sggM11 mutant clones were generated in two ways, either
by mitotic recombination with X rays (a gift from J. F. de Celis) or mental discs.
with the FLP system. The clones were not marked, but in all in-
stances resulted in the production of ectopic bristles in the wing
blade as has been described before (Simpson et al., 1988; Couso et
Notch and wingless Are Suf®cient for theal., 1994). Clones of sgg loss of function always mimicked the
Establishment of the Wing Primordiumeffects of ectopic expression of wg and resulted in the overproduc-
tion of marginal bristles but no overgrowths. Small overgrowths
The notion that wg is required for wing development iswere observed in both cases around the hinge region, in positions
based on two observations. First, mutations in wg result inthat would fate map to places of vg expression (not shown). This
the complete loss of wing structures and wing to notumobservation is consistent with the notion (see below) that the over-
duplications. Second, ectopic expression of wg, with dpplap of wg function and vg expression triggers wing development.
GAL4, can induce the appearance of wing structures ectopi-
cally (Ng et al., 1996, and Figs. 2A±2D).
Immunohistochemistry In our hands the most common effect of ectopic expres-
sion of wg with dppGAL4 is not the appearance of anThe vestigial antibody is described in Williams et al. (1993) and
ectopic wing, but an extension of the outer ring of wgwas a gift of S. Carroll. The Enhancer of split antibody was a gift
expression, which delimits the hinge, into the notumfrom Sarah Bray and is described in Jennings et al. (1995). The X-
(Figs. 2A±2C). We only observe a second wing blade occa-Gal staining is described in Ashburner (1989). In situ hybridizations
were performed as described in Tautz and Pfei¯e (1989). The ¯uo- sionally and always at a speci®c location of the wing disc
rescence of the green ¯uorescent protein (GFP) was detected using which is separated from the normal one by a stripe of
a FITC ®lter on a Zeiss Axiophot microscope. tissue. We believe that this tissue is hinge because it ex-
presses nub but not vg and is delimited by the outer ring
of wg expression (Figs. 2A±2D). These results suggest that
RESULTS wg alone cannot elicit the development of a complete
wing and that it requires other factors which might be
spatially localized.The wing of Drosophila is a composite of a wing blade
and a structure, the wing hinge, which attaches the blade Mutations in N mimic the loss of wg function (Couso
and Martinez Arias, 1994). In agreement with a role ofto the thorax. During the initial phases of wing develop-
ment, wg is expressed in successive patterns that correlate Notch in the development of the wing, ectopic activation
of Notch signaling, either with an activated Notch mole-with the development of the wing (Couso et al., 1993 and
Figs. 1A±1D). When followed with regard to the expression cule (Diaz-Benjumea and Cohen, 1995) or by expression
of either Delta (JoÈ nsson and Knust, 1997) or Serrate plusof sd and vg (Williams et al., 1993), these patterns prove a
good guide to the development of the wing (Figs. 1E±1H). Notch (see Klein et al., 1997), can trigger the development
of extra wing tissue (Couso et al., 1995; Diaz-BenjumeaIn the second instar, wg is expressed in a sector on the
ventral anterior region of the disc (Figs. 1A and 1E) which and Cohen, 1995; JoÈ nsson and Knust, 1997; Klein et al.,
1997, and Figs. 2E and 2F). However, as in the case ofoverlaps substantially the expression of ap in the dorsal
cells (Williams et al., 1993; Ng et al., 1996). This pattern ectopic expression of wingless, the ability of Notch sig-
naling to activate wing development is spatially re-evolves (Figs. 1B and 1C), and during the second half of
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FIG. 4. Ectopic expression of vg can rescue the loss of wing caused by mutations in ap (A±C), Ser (D and E), wg (F±H), and Su(H) (J and
K) as shown by expression of nub (A, B, H, I, J, and L) and wg RNA (D, E, F, G, and K) in third-instar discs. In all cases UASvg is expressed
with dppGAL4 and the discs are shown with ventral to the bottom and anterior to the left. (A) Expression of nub in an apUG035 mutant
disc. As is the case with vg mutants and based on the same criteria (see text) we assign this expression to hinge tissue. (B) Expression of
UASvg in apUG035 extends the area of nub expression signi®cantly [compare with (A)], indicating a rescue of the the wing. (C) Thorax of
an apUG035 mutant ¯y, showing wings (out of focus) rescued by expression of UASvg. The arrowhead points to the stem of the wing, which
has been displaced dorsally into the thorax corresponding to the dorsalward shift of the expression of nub in the discs (arrowhead in B).
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stricted, in this instance to the domain of the existing the initial stages of wing development rely on the simulta-
neous activities of Notch and wingless signaling.wing blade (Figs. 2E and 2F).
In contrast with the spatially limited effects of ectopic
activation of either wingless or Notch signaling, coactiva-
The Combined Activities of Notch and Winglesstion of both with dppGAL4 leads reproducibly to an exten-
Result in the Activation of vestigial Expressionsion of the wing blade into the notum as a continuum (Figs.
2G and 2H). This shows that, although wg alone can induce In ¯ies bearing a deletion of the second intron enhancer
of vg, the wing blade does not develop (Williams et al.,hinge cell fates, the establishment of a proper wing primor-
dium containing cells fated to generate hinge and blade re- 1991) even though the wing marker nub is expressed in the
residual wing region of the mutant discs (Ng et al., 1996).quires the combination of Notch and wingless signaling.
In our experiments, ectopic expression is always re- These ¯ies develop either a very small wing blade stump
and a hinge or simply a hinge. Consistent with this, thestricted to the AP boundary (either by dppGAL4 or by
ptcGAL4), which is the site at which normal wing develop- mutant wing discs exhibit a circle of nub expression out-
lined by a unique ring of weak wg expression which, in thement is initiated (Couso et al., 1993; Ng et al., 1996, and
Fig. 2K). Therefore, it is possible that factors whose activity wild type, outlines the hinge.
Flies bearing null alleles of vg, e.g., vg83b27R, can displayis normally restricted to this domain also play a signi®cant
role in the generation of the newly induced wing. To rule a stronger phenotype: they frequently lack expression of
nub (Fig. 3B), have a severely reduced hinge (Figs. 3A andout this possibility we have directed ectopic gene expression
over the whole of the developing wing with sdGAL4 (Fig. 3D), sometimes lack both the blade and the hinge, and dis-
play wing to notum transformations (Figs. 3B and 3C and2L and see Materials and Methods). The effects of simulta-
neous activation of Notch and wingless signaling by coex- Williams et al., 1994). This observation indicates that in
addition to its function in the growth of the wing blade,pressing UASwg and UASSer together with UASN in this
pattern are not restricted to the AP boundary and result in vg also plays some role in the establishment of the wing
primordium.the transformation of the whole wing disc into a wing blade.
The global expression of high levels of wg in these discs Consistent with an early function of vg in the establish-
ment of the wing primordium, we observe that in second-suggests that, in these wings, all cells have the characteris-
tics of wing margin (Figs. 2I and 2J). It is interesting that instar discs from mutants that lack wg (Figs. 3E and 3F)
or Notch signaling, through the absence of Notch ligandsalthough signaling is restricted to the position of the normal
wing, it spreads to the whole disc. This global effect is likely for wing development caused by the loss of apterous func-
tion (Figs. 3G and 3H and Kim et al., 1996), vg expressionto be due to the fact that the promotor of the sd gene, and
thereby the sdGAL4 insertion, responds positively to the (see also Williams et al., 1993, 1994) and that of its sec-
ond-intron enhancer is interrupted over the region of thecombined activities of Notch and Wingless (unpublished
observation) and thus, in this experiment, spreads to the disc that will give rise to the wing. Since as we have
shown, these early events are under the control of simul-whole disc.
These results challenge certain notions about the rela- taneous signaling by Wingless and Notch, we tested if
these two signaling systems could lead to ectopic expres-tionship between Notch and Wingless, in particular that
the main role of Notch is to establish a source of wg at the sion of vg. We provided Notch signaling by the expression
of Delta or through coexpression of Ser and Notch andDV boundary (Diaz-Benjumea and Cohen, 1995; Ng et al.,
1996; Neumann and Cohen, 1996). The outcomes of ectopic activation of wingless signaling by expression of wg or
of activated Armadillo. In these experiments we alwaysactivation of wingless and Notch signaling are not similar
and only the simultaneous activation of both signaling path- observe an extension of vg expression into regions that
normally would not express vg or are not fated to giveways can elicit proper wing development in regions of the
wing disc which are not normally fated to do that. On the rise to wing tissue, e.g., the notal region of the disc and
the peripodial membrane (Fig. 2H).other hand, these experiments support the notion that, inde-
pendently of the mechanism of wingless signaling, some of These results show that early in wing development, the
(D) Expression of wglacZ in a Ser94C/SerRx106 mutant disc. These ¯ies develop a very small wing and hinge as revealed by the expression
of wg in two concentric rings. (E) Ectopic expression of vg in a Ser94C/SerRx106 mutant disc results in a substantial rescue of the wing blade,
as revealed by expression of wg RNA. (F) Expression of wg RNA in a third-instar wgCX4/wgCX3 mutant disc; there is no wing, but there is
a duplication of the notal expression of wg. (G and H) Ectopic expression of vg in a wgCX4/wgCX3 mutant disc restores the wing and the
wild-type pattern of wg (G) and nub (H) expression. (I) Expression of nub in a Su(H)SF8/SU(H)AR9 mutant disc. (J) Ectopic expression of vg
in a Su(H)SF8/Su(H)AR9 mutant disc with dppGAL4 results in a substantial rescue of the wing blade, as revealed by the expression of nub
(K). (K) Ectopic expression of vg in a Su(H)SF8/Su(H)AR9 mutant disc with ptcGAL4 rescues the wing blade as revealed by wg RNA expression.
(L) Expression of nub in a third-instar wing disc.
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FIG. 5. Effects of ectopic expression of vg (A and B), wg (C and D), or both (E±J) with dppGal4 and sdGAL4 on wing development. All
discs shown with ventral at the bottom and anterior to the left. (A and B) Ectopic expression of vg does not extend the domain of nub
expression (A) but results in an interruption of the expression of wg in the hinge domain (arrow in B). (C) Ectopic expression of wg over
the domain of vg expression with sdGAL4 results in a change of the shape of the wing primordium as indicated by the elongation of the
hinge expression of wg into the notum (arrowheads in C). The overall shape of the wing area is similar to the expression pattern of
sdGAL4 (see Fig. 2L for comparison). (D) The expression of the vg boundary enhancer in a disc of the same genotype as in (C) identi®es
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8829 / 6x38$$8829 02-16-98 13:06:43 dbas
205Speci®cation of Drosophila Wing Pattern Elements
effects of the combined activities of Notch and wingless or ectopic wing tissue in this region of the wing disc (Figs.
signaling might be mediated by vg. Since vg is involved in 5A and 5B). In these cases there is a clear disruption of the
assigning wing fate (Kim et al., 1996), in the context of normal pattern of wingless expression over the hinge region
our results ectopic expression of vg should be capable of (Fig. 5B). On the other hand, ectopic expression of wg elicits
substituting for the loss of function of genes involved in wing development in the notum but, as already indicated,
the early stages of wing development like ap (Fig. 4A), Ser this is not a frequent event and when it occurs it is restricted
(Fig. 4D), wg (Fig. 4F), or Su(H) (Fig. 4I). To test this we to a precisely de®ned region of the notum: that de®ned by
directed expression of UASvg under the control of dppGAL4 the overlap between the ectopic expression of wg and the
in these mutants and found that, in all instances, vg expres- endogenous expression of vg in the notum (Figs. 5K and
sion rescues the loss of wing tissue (Fig. 4 and see Kim et 5L). The wild-type wing, and more precisely the wing blade
al., 1996, for the rescue of ap by vg). within the wing primordium, also develops from a region
Most signi®cantly, we ®nd that vg expression can rescue of overlap between vg and wg expression in the second in-
the wing to notum transformation characteristic of wgCX4/ star (Fig. 1).
wgCX3 mutant discs and leads to the development of normal These observations raise the possibility that, after the
wings (Figs. 4F±4H). Furthermore, in these ¯ies ectopic establishment of the wing primordium through the expres-
wings [as represented by wing blades and expression of nub sion of vg under the control of Notch and wingless signaling,
(not shown)] develop from all discs as they do when vg is the wing blade is de®ned at the position at which the expres-
ectopically expressed in the wild type. Examination of wg sion of wg intersects that of vg. To test this we generated
expression in the rescued wg mutant wing discs shows that a complete overlap between the expression of wg and vg in
in the third instar, the normal pattern of wg expression has the second larval instar by expressing UASwg with sdGAL4,
been restored (Fig. 4G). This indicates that wgCX3 is a mutant which activates gene expression in a pattern identical to
speci®cally defective in the expression of wg during the that of vg. The outline of the resulting wing blade delineates
establishment of the wing primordium (see Materials and the early expression of vg precisely (Figs. 5C and 5D), indi-
Methods). Once this defect is repaired by provision of the cating that the wing primordium is indeed de®ned where
downstream gene, in this case vg, development proceeds the activity of Wingless intersects the expression of vg. We
normally. have tested this notion further by coexpressing vg and wg
Altogether these experiments show that vg is not simply with dppGAL4. Whereas wg alone never induces continu-
acting downstream of Notch and Wingless during the ous wing blade along the domain of expression of dppGAL4
growth of the wing (Neumann and Cohen, 1996, and see (Figs. 2A±2D), and vg has little effect on the size and shape
below), but that it plays a crucial role in the speci®cation of the normal wing (Figs. 5A and 5B), the combination of
of the wing primordium. both activities reliably elicits the development of wing
blade tissue over the domain of ectopic expression (Figs. 5E
and 5F).
The Wing Blade Is Determined by the Combined We ®nd that the combination of wg and vg can also induceActivities of Wingless and Vestigial
high levels of nub and wg expression throughout the devel-
oping leg (Figs. 5G±5J). Since neither wg nor vg does thisEctopic expression of vg can elicit the appearance of wing
ef®ciently on its own, we believe that this shows that it istissue in all imaginal discs (Kim et al., 1996). However,
the combined activities of these two genes which is suf®-this effect is restricted to speci®c regions of each disc. For
cient to elicit the development of the wing blade. This resultexample, expression of UASvg with dppGAL4, or the
also supports the suggestion that the development of wingsstronger ptcGAL4, leads to ectopic expression of vg in the
notum but fails to elicit ectopic expression of nub and wg elicited in legs by a combination of wingless and Notch
the location of the margin in these discs. Interestingly, the wings that result from this expression do not appear overgrown (not shown).
(E and F) Ectopic coexpression of UASwg and UASvg leads to the ectopic induction of nub expression in the notal region of the disc (E)
and also to the extension of the wing blade into the notum, as indicated by the extension of the rings of wg expression into the notum
(arrowheads in F) and into the peripodial membrane (lower arrowheads in F indicating slightly out of focus staining). (G and H) Effect of
ectopic expression of UASvg (G) or UASwg (H) with dppGAL4 in the leg disc leads to some ectopic expression of nub. (I and J) Coexpression
of UASvg and UASwg leads to a much more signi®cant expression of nub in the leg and to a dramatic change in the expression of wg (J).
These changes correspond to the appearance of wing tissue in the legs. (K) Detail of a wing disc double labeled for dppGAL4 expression
as revealed with UASGFP (green) and vg expression (red). Notice the overlap in the notum, precisely at the region (arrow) from where,
on occasion, UASwg will elicit the development of ectopic wings (Figs. 2D and 2L). (L) Ectopic expression of UASwgIL114 under the control
of ptcGAL4 can elicit an ectopic wing in the position (arrowhead) at which dppGAL4 and ptcGAL4 overlap the endogenous expression
of vg (see arrow in K) The disc is stained for the expression of Enhancer of split and the arrowhead indicates the position of the scutellar
proneural cluster which serves as a landmark for the position of the ectopic wing.
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FIG. 6. Notch signaling collaborates with vg to induce wing margin. (A) Ectopic expression of Ser with dppGAL4 results in a small but
reproducible induction of ectopic wing margin (arrowhead). (B) Coexpression of UASvg and UASSer results in a strong induction of ectopic
margin structures (white arrowhead) which stem from the position at which UASSer alone has little effect [black arrowhead; compare
with (A)]. (C) Expression of vg alone has a very small effect on the wing. Arrowhead indicates the same position as in (A) and (B). (D and
E) The effects on the wing are presaged by the expression of wingless in the corresponding imaginal discs: UASSer (D) and UASvg and
UASSer (E). (F) A vg83b27R wing disc rescued with UASvg. The margin which is lost in this mutant is reappearing in the area where vg is
expressed (arrow).
signaling (Couso et al., 1995; JoÈnsson and Knust, 1996) is In the cases of both the wing (Couso et al., 1995; Ng et
al., 1996, and see above) and the leg (Couso et al., 1995)mediated by vg in a process which recapitulates what nor-
mally occurs in the wing disc. discs, the wings elicited by ectopic expression of Notch and
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wingless signaling always appear at a very precise position. Wingless Does Not Promote Growth and Cannot
Rescue the Absence of Wing of apterous andThis suggests that there is a spatially restricted factor that
Suppressor of Hairless Mutantsis essential to initiate wing development. Our results sug-
gest that this factor is likely to be encoded by vg and that,
It has been proposed that the expression of wg along the
in the case of the legs, the instances in which wings develop
D/V boundary under the control of the N/Su(H) pathway
are always associated with the ectopic expression of vg (Kim provides organizing activities which direct the growth and
et al., 1996; JoÈnsson and Knust, 1996). Furthermore, these patterning of the wing and that some of these activities are
experiments indicate that after the wing primordium has independent of sgg (Diaz Benjumea and Cohen, 1995). Since
been established cells that are exposed to Wingless and Ves- a large number of experiments indicate that a most im-
tigial develop as wing blade, whereas those that are only portant function of wingless signaling is to antagonize the
exposed to wingless develop as hinge. activity of the sgg gene product, this would suggest the
existence of novel modes of wingless signaling (Diaz Benju-
mea and Cohen, 1995). We have repeated some of these
experiments by creating clones of wg-expressing cells in the
Vestigial Is Required for Notch Signaling at the same manner as Diaz Benjumea and Cohen (1995). In these
DV Interface experiments, we have never observed signi®cant out-
growths; furthermore, the effects of overexpressing wg al-
During the course of our experiments in which we acti- ways mimic loss of function of sgg (Figs. 7A±7D and see
vate Notch signaling, either with Delta or by coexpressing Materials and Methods).
Notch and Serrate, we observed that the induction of ec- We have further assessed whether Wingless can organize
topic expression of wing margin markers is strongest in the the development of the wing primordium by expressing wg
region around the D/V border, where the normal margin is in ap and Su(H) mutants, which lack a wing pouch because
located (Figs. 6A and 6D). Since the expression of vg is nor- of loss of Notch signaling. Since expression of vg can rescue
mally highest around this region (Williams et al., 1991), both mutants (see above) and Notch activity can rescue
which is a source of Notch signaling, we wondered whether, the ap mutant (JoÈnsson and Knust, 1996, and unpublished
after the establishment of wing primordium and the de®ni- results), if wg mediates the proposed organizing activity, it
tion of the wing blade, vg might collaborate with Notch should rescue both mutants. However, we ®nd that expres-
signaling to induce the wing margin. sion of wg cannot rescue the loss of wing tissue of these
Absence or reduction of vg function leads to the loss of mutants (JoÈnsson and Knust, 1996, and Figs. 7E±7J). In addi-
the wing margin (Fig. 3D and Lindsley and Zimm, 1992) and tion, we observe no rescue of the vg mutant phenotype by
rescue of vg mutants with UASvg expressed with dppGAL4 wg (Figs. 7G and 7H), a result that rules out effects of wg
on wing development that are independent of vg.result in the recovery of the wing margin precisely in the
Therefore, Wingless cannot provide an organizing activityregion where vg is supplied (Fig. 6F). This suggests that the
that has been ascribed to it and cannot rescue loss of func-loss of margin in vg mutants can be explained in at least
tion of Notch signaling.two ways: either loss of vg function leads to cell death and
cells at the margin are especially sensitive to this process
(Simpson et al., 1981) or vg participates in the de®nition of
the wing margin. In the second possibility, Vestigial might DISCUSSION
act together with rather than simply downstream of Notch.
We have tested this by coexpressing UASvg and UASSer The results from our experiments suggest that the simple
with dppGAL4. Interestingly, whereas neither of them hierarchical model that has been proposed for the role of
alone leads to a signi®cant induction of an ectopic wing the DV axis in wing development and patterning (Diaz Ben-
margin (Figs. 5B, 6A, and 6C), their combined expression jumea and Cohen, 1995; Ng et al., 1996; Neumann and
does so very strongly (Figs. 6B and 6E). This suggests a cer- Cohen, 1996; Zecca et al., 1996) is in need of a revision. It
tain degree of functional collaboration between Notch sig- is also clear that, as suggested before (Williams et al., 1993;
naling and Vestigial in the de®nition of the wing margin. Couso et al., 1995; Kim et al., 1996), the vestigial gene
An important observation from these experiments is that product is an essential element of this process. In what
vg does not have a ®xed regulatory position with regard to follows we suggest a framework which incorporates our and
N and wg, i.e., it is not simply the last link in a hierarchy other results.
that controls wing development (Ng et al., 1996; Neumann The wing of Drosophila is a composite of three morpho-
and Cohen, 1996). Instead they suggest that vg is involved logically distinct regions: a proximal one or hinge, a distal
in a sequence of events and that at every step it is inter- one or blade, and a margin or rim which separates the dorsal
acting with other gene products, notably those involved in and ventral surfaces and serves as an axis of symmetry. A
wingless and Notch signaling. Instead of a hierarchy, what variety of studies have suggested that interactions between
dorsal and ventral compartments provide the driving forceit seems to be is a dynamic network of interacting genes.
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FIG. 7. Effects of gain and loss of function of wg on wing development and patterning. (A±D) In the wing, clones of wg-expressing cells
(Ubx  wg in A and C) produce extra bristles and are identical to clones of cells in which sgg function has been lost (B and D). In both
instances lawns or patches of bristles appear in the wing pouch, consistent with the notion that wg has an effect on the patterning of the
wing margin that is mediated by the inactivation of sgg function. The clones never caused outgrowths in the wing blade, whether the
clones were induced after 62 h (A and B) or before (C and D) (see Materials and Methods for details). If anything, the wings appeared
smaller in the case of the earlier clones. The differential proliferative and adhesive properties of the ectopic sensory organs with regard
to the cells of the blade can, sometimes, give the impression of small outgrowths; however, careful inspection of these instances shows
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for the development of the wing (Diaz Benjumea and Cohen, signaling. The wingless input is provided by the wedge-like
pattern of wg expression, and the activation of Notch must1993; Williams et al., 1993; reviewed in Lawrence and
Struhl, 1996). However, while it is clear that interactions be provided by ligands that are under the control of ap (Wil-
liams et al., 1993, 1994; Diaz Benjumea and Cohen, 1995;between dorsal and ventral cell populations play a role in
the induction of some of the elements of the wing, it is not Couso et al., 1995; this work). Since the ligands of Notch,
Serrate, and Delta are membrane bound and their signalingclear that these interactions require lineage segregation of
these populations. Our results show that the initiation of is therefore restricted to adjacent cells, the dependence of
Notch signaling on the expression of ap results in that onlywing development results from the intersection in space of
the activities of the Notch and Wingless signaling systems a subset of the cells which express wg will also express high
levels of vg at this stage; these cells will develop as wingand one nuclear protein, Vestigial. This overlap is de®ned
during the second larval instar, probably before the estab- blade. Consistent with this conclusion, when the expres-
sion of vg is not initiated at the DV interface, as in ap orlishment of a DV compartment boundary, whose time of
appearance is ill de®ned but is likely to occur at the begin- vg mutants, the blade does not develop (Williams et al.,
1993). Based on these results, we propose that a second stepning of the third larval instar (see e.g. Blair, 1993, for an
account of the various timings). in wing development is the induction of vg expression
within the wg-expressing cells which lie at the interfaceOur results suggest a sequence of events that leads to the
establishment of the wing primordium, its subdivision, and between dorsal and ventral cell populations, by the combi-
nation of wingless and Notch signaling (Fig. 8A). These cellsits growth (Fig. 8). The events are initiated in the second
larval instar, when the wedge-like expression of wg in an will adopt the wing blade fate in contrast with those that
are only exposed to wg, which will develop as hinge. Ouranterior ventral region of the disc de®nes a small cell popu-
lation of the wing disc as the ``wing anlage'' (Couso et al., experiments cannot separate in time the ®rst and the second
events, but their different requirements are highlighted by1993; Williams et al., 1993; Ng et al., 1996). This pattern
of wg expression is independent of signals across the DV the effects of ectopic expression of wg and vg in different
mutant backgrounds.axis and, in the absence of such signals, cells exposed to
Wingless develop as hinge tissue (Fig. 8A). Two observations At the beginning of the third larval instar, the expression
of wg changes rapidly and expands over the whole ventralsupport this contention. First, as we have shown, ectopic
expression of wg alone results in the development of a hinge region of the disc (Figs. 1 and 8B) in an ap-dependent manner
(Ng et al., 1996). We do not know what drives these changesfate in cells that normally would give rise to other struc-
tures. And second, ap mutants in which the initial expres- but, in this rapidly evolving developmental landscape, re-
gions of wg expression that fall outside the domain of vgsion of wg is normal but which lack signals from the DV
axis, do not develop a wing blade but have hinge structures. expression will become hinge (Fig. 8B and see also Fig. 1).
As this expansion of wg expression is taking place, the ex-Altogether these observations lead us to propose that early
during the second larval instar, the expression of wg de®nes pression of wg is upregulated in the middle of the domain,
at the prospective wing margin. Our results indicate thata ground state for wing development which, in the absence
of further signals, is represented by the hinge in the ®nal this upregulation of wg expression requires a combination
of Notch signaling and vg activity (Fig. 8C) and suggest thatwing.
Experiments of gain and loss of function of various genes a third step in the initiation of wing development is the
de®nition of the wing margin which, with the hinge andin wild-type and mutant backgrounds indicate that the wing
blade is de®ned within the wing anlage by the elevation of the blade, is the third and signi®cant pattern element of the
wing.vg expression within the sector of wg expression (Fig. 8A).
At the beginning of the second larval instar vg expression Thus, at the beginning of the third instar the wing disc
contains a wing primordium subdivided into hinge, blade,is low throughout the wing disc (Williams et al., 1993, 1994)
but, at the time of the establishment of the wing primor- and margin. By this time, the primordium has begun to
grow but it is in the third larval instar that most of thedium, vg de®nes a clear horseshoe pattern (Fig. 3H) whose
central domain is dependent on both Notch and wingless proliferation takes place in the wing blade. It has been sug-
that there is no signi®cant increase in cell number. (E) Expression of wg RNA in a Su(H) mutant disc. The expression of wg at the
prospective margin is lost and the diameter of the ring-like expression domains in the hinge regions is strongly reduced. (F) Ectopic
expression of UASwg with dppGAL4 does not rescue the loss of wing tissue of Su(H) mutant discs. Expression of wg RNA is shown,
indicating that, in addition to the endogenous pattern of expression [compare with (E)], which is not altered, wg is expressed in a stripe
along the AP boundary. Notice the distortion of the notum but the lack of an effect on the loss of Notch signaling. (G) Ectopic expression
of UASwg with dppGAL4 fails to rescue the loss of wing on a vg83b27R mutant disc. (H) Thorax of a vg83b27R mutant in which UASwgIL114
has been expressed at 177C. There is no rescue of the loss of wing characteristic of vg. The activity of UASwgIL114 in this experiment was
monitored through its effects on the leg discs. (I and J) Ectopic expression of UASwg cannot rescue the loss of wing characteristic of ap
mutants, either in the disc (arrowhead in I) or in the thorax (arrowhead in J).
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FIG. 8. Schematic representation of the sequence of events that leads to the establishment of the wing primordium in Drosophila.
Expression domains of wg are outlined in red, ap in green, and vg light blue. (A) The process begins during early second instar, at a time
when wg is expressed in a wedge-like sector in a ventral anterior position in the disc (Fig. 1). The activity of wingless speci®es cells within
its expression domain as wing anlage and imposes on them the hinge fate as a ground state. At this time wg expression is under the
control of signaling systems across the anterior±posterior boundary (Ng et al., 1996). Shortly thereafter, Notch activity regulated by ap
is able to induce the expression of vg within the domain of wg expression (striped blue line within the wg expression domain). At the
same time the expression of wg is spreading over the ventral part of the disc (Fig. 1). (B) As the spread of wg expression progresses, cells
that are exposed only to wg will become hinge and those that are continuously under the in¯uence of both wg and vg become wing
pouch. Immediately after the pouch is established, Notch activity restricted to the D/V compartment boundary induces the wing margin
in collaboration with vestigial. An important part of this process is the stabilization of wg expression at the margin. This provides a
source of wingless activity which together with dpp is required for the maintenance of vg expression in the pouch cells that come to lie
outside the region of Notch activity (Kim et al., 1996; Zecca et al., 1996; Neumann and Cohen, 1997). The steps that we have outlined
are closely linked in time and are immediately initiated once Notch is activated by the D/V system. (C) As a result of these events, the
wing primordium is established and acquires its typically concentric organization observed from mid-third instar onward, with the
expression of wg along the margin and in two concentric rings in the region of the hinge and that of vg all over the wing blade.
gested that this proliferation is driven by a localized source evidence for a direct role of Wingless in the growth of the
wing blade: neither wg overexpression in clones or in de-of wingless at the prospective wing margin (Diaz-Benjumea
and Cohen, 1995; Ng et al., 1996; Neumann and Cohen, ®ned regions of the wing disc with the GAL4/UAS expres-
sion system nor loss of function of zw3/sgg leads to over-1996; Zecca et al., 1996). However, we have not found any
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proliferation of cells. On the other hand, there is evidence Acknowledging the sequential and progressive nature of
the events that lead to the development of the wing inthat the growth of the wing blade is closely associated with
Notch signaling (de Celis and Garcia Bellido, 1994; de Celis Drosophila might provide an adequate framework for a
proper comparison of this process with the developmentet al., 1996), and our experiments support this, since activa-
tion of Notch signaling leads to overgrowth of the extant of vertebrate limbs. For example, the early events in the
development of the chick limb do not depend on interac-wing blade. However, these experiments also show that al-
though vg or wg alone does not promote proliferation, they tions between compartments, but rather rely on the de®ni-
tion of different cell populations and the establishment ofact synergistically with Notch in this process, suggesting
that the sustained growth of the primordium depends on regulatory loops between a small number of signaling mole-
cules (Niswander et al., 1994; Yang and Niswander, 1995).an interaction between the activities of the three genes: N,
wg, and vg. These loops serve to de®ne new cell populations, in which
new regulatory relationships will arise in a process similarThere is circumstantial evidence that molecular events
taking place at the DV interface play an essential role in to the one outlined by our results.
the growth of the Wing primordium (Williams et al., 1993;
Kim et al., 1995; Couso et al., 1995; de Celis et al., 1995;
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